This study examined the effects of passive stretching only, (PS+CON) 
INTRODUCTION
Passive stretching is still widely used as a means of warm-up and injury prevention prior to competitive and recreational sports despite numerous studies reporting acute decreases in force production following bouts of passive stretching (Avela et al. 1999; Behm et al. 2001; Cramer et al. 2004; Cramer et al. 2005; Evetovich et al. 2003; Fowles et al. 2000; Herda et al. 2008; Herda et al. 2010; Herda et al. 2009; Kokkonen et al. 1998; Marek et al. 2005; Nelson et al. 2001a; Nelson et al. 2001b; Orizio et al. 2003; Ryan et al. 2014; Young and Elliott 2001) . The loss in force following passive stretching has been well documented; however, the exact mechanism causing the decrease in force remains unclear. Two main hypotheses have been proposed to explain this phenomenon: 1) neural deficits via diminished muscle spindle-mediated
Ia afferent activity and/or gamma loop function, and 2) mechanical alterations associated with changes in the optimal force producing conditions along the length-tension relationship (Avela et al. 1999; Behm et al. 2001; Cramer et al. 2004; Evetovich et al. 2003; Fowles et al. 2000; Herda et al. 2008; Herda et al. 2009; Kokkonen et al. 1998; Nelson et al. 2001a; Nelson et al. 2001b; Ryan et al. 2014; Young and Elliott 2001) .
Numerous studies have reported decreases in maximal strength accompanied with reduced muscle activation (Behm et al. 2001; Cramer et al. 2005; Fowles et al. 2000; Herda et al. 2008; Herda et al. 2009; Ryan et al. 2014 ). For example, Herda et al. (2008) reported a decrease in isometric force and muscle activation following 20 minutes of passive stretching of the plantar flexors. The authors also reported similar reductions in isometric force and muscle activation following 20 minutes of a vibration only treatment and, therefore, the authors proposed that prolonged stretching diminishes muscle spindle and/or gamma loop function in a similar manner to vibration. Muscle spindle function is necessary to facilitate and recruit all available motor units during a maximal voluntary contraction; therefore, muscle spindle dysfunction would D r a f t 5 reduce overall muscle strength via incomplete activation of the motoneuron pool (Kouzaki et al. 2000; Ryan et al. 2014) . It is plausible that the continued mechanical lengthening of muscle spindles during passive stretching may reduce Ia afferent activity and diminish maximal isometric force.
In addition to diminished neural function, previous studies have reported muscle length dependent changes in maximal isometric force following passive stretching (Balle et al. 2015; Herda et al. 2008; McHugh and Johnson 2006) . Herda et al. (2008) reported the stretchinginduced force deficit following passive stretching at short muscle lengths, however, there were no difference at long muscle lengths for the leg flexors. McHugh and Johnson (2006) reported similar findings and suggested that passive stretching may shift the length-tension relationship rightward; thus, there would be decreases in maximal strength at the shorter lengths but possible increases in maximal strength at longer muscle lengths. It remains unclear if this phenomenon occurs for the plantar flexors following passive stretching.
The purpose of this study was to further elucidate the effects of passive stretching on maximal strength of the plantar flexors at a short and long muscle length with the use of continuous vibration to further determine the extent of neural deficits following a moderate duration of passive stretching. Vibration is a valuable tool that has been incorporated in numerous studies to remove muscle spindle support to the central nervous system (Bongiovanni et al. 1990; Herda et al. 2009; Kouzaki et al. 2000; Richardson et al. 2006 ). In addition, nonvoluntary evoked twitches were performed at rest and during a MVC to better assess possible differences in mechanical mechanisms and voluntary inactivation as a result of passive stretching at short and long muscle lengths. It is hypothesized that the passive stretching only treatment, 
MATERIALS AND METHODS

Subjects
Fourteen healthy men (mean ± SD age = 22 ± 3 years, stature = 177 ± 6 cm; mass = 84 ± 11 kg) participated in this study. None of the participants reported any current or ongoing neuromuscular diseases or musculoskeletal injuries specific to the ankle, knee, or hip joints. This study was approved by the University Institutional Review Boards for Human Subjects, and all participants completed a written informed consent form and a Pre-Exercise Testing Health & Exercise Status Questionnaire.
Research design
The participants visited the laboratory three times separated by at least 2 days. Subjects were asked to refrain from strenuous physical activity for 24 hours before any testing. The first visit was a familiarization trial followed by two experimental visits. During the familiarization visit participants practiced all assessments and stretching procedures. 
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Isometric Testing
Each participant was seated with restraining straps over the right thigh, pelvis, and trunk, and the lateral malleolus of the fibula was aligned with the input axis of the isokinetic dynamometer (Biodex System 3; Biodex Medical Systems, Inc., Shirley New York) in accordance with the Biodex User's guide ( Biodex Pro Manual, applications/Operations, 1998).
All isometric plantar flexor strength assessments were performed on the right leg at the DF and PF joint angles with 0º of flexion in the right knee. To determine voluntary peak torque (PT), evoked twitch peak torques, (TT SINGLE and TT DOUBLET ) and %VI, each participant received three The highest PT value, with subsequent %VI, of the highest two pre-passive stretching MVC trials were used as the representative scores for further analyses. Only one MVC was completed at each ankle joint angle following passive stretching. Two minutes of rest were given following the post-passive stretching PROM tests for both treatments. For the PS+VIB treatment, VIB was initiated at the beginning of the 2-minute rest period and was continuous from that point until the end of the experiment, which included VIB being applied during post-passive stretching strength measurements. A relatively short 2-minute rest (PS+CON) or VIB (PS+VIB) period was chosen because that duration has been shown to be sufficient for VIB to attenuate force production D r a f t (Bongiovanni et al. 1990 ), while still allowing time for remaining tests to be completed before the force attenuating effects of stretching cease ).
The duration of time (mean ± SD) between the PROM and isometric testing at the first joint angle was 211 ± 39 sec and 212 ± 49 sec for the PS+CON and PS+VIB trials, respectively and was 350 ± 64 sec and 332 ± 77 sec for the second joint angle for the PS+CON and PS+VIB, respectively.
Evoked Twitches
Transcutaneous electrical stimuli were delivered to the tibial nerve using a high-voltage constant-current stimulator (Digitimer DS7AH, Herthfordshire, UK). Single stimuli were applied via a bipolar probe with saline-soaked tips in order to determine the optimal probe location and the maximal compound muscle action potential (M-wave) via EMG of the SOL with incremental amperage increases (2-20mA). Once a plateau in the peak-to-peak M-wave was determined, despite amperage increases, 20% was added to the amperage that yielded the highest peak-topeak M-wave to assure supramaximal stimulus. The bipolar probe was then replaced by two adhesive electrodes (Disposable 4-Disk Electrodes; Technomed Europe; Maastricht Airport, The Netherlands) that were used to administer stimuli for all experimental twitches. A single stimulus was a 1-ms duration square wave impulse, while a doublet consisted of two single stimuli delivered successively at 100Hz. Three single stimuli twitches were used at rest prior to the MVCs and recorded as TT SINGLE . TT SINGLE was obtained by averaging the highest 10 data points (0.005 s) of the digital torque signal. The average of the three single stimuli twitches were used for further analyses. Doublets were administered during the MVC trials (superimposed twitch) to increase the signal-to-noise ratio and minimize the series elastic effects on torque production D r a f t (Desbrosses et al. 2006 ). The potentiated twitch was administered 3 -5 seconds following the MVC to calculate %VI according to the ITT.
The three resting twitches and MVCs with the superimposed and potentiated twitches were performed at both joint angles before and 2 minutes after the PROM assessment. The peak twitch torque from the potentiated twitch was recorded as the TT DOUBLET .
Passive Range of Motion
The PROM of the plantar flexors was determined for each participant immediately preceding and immediately following PS. PROM was performed using the isokinetic dynamometer programmed in passive mode. The dynamometer lever arm passively dorsiflexed the foot at an angular velocity of 5º/s until the point of discomfort, but not pain, as verbally acknowledged by the subject. PROM was calculated as the range of motion attained from a neutral joint angle to the maximum tolerable point of passive dorsiflexion as measured with the position signal from the dynamometer. No gravity correction was performed based on the methods of (Muir et al. 1999 ) who indicated that the foot constituted approximately 1.4% of the body's mass (Winter 1990 ) and suggested that this mass can be considered negligible.
Musculotendinous Stiffness
MTS of the plantar flexors was quantified using a fourth-order polynomial regression model that was fitted to the passive angle-torque curves for each subject according to the procedure described by (Nordez et al. 2006 A bipolar surface EMG electrode (Delsys, Inc., Boston, MA) was placed on the SOL muscle. The electrode was placed along the longitudinal axis of the tibia at 67% of the distance between the medial condyle of the femur and the medial malleolus. The reference electrode (Dermatrode HE-W, American Imex; Irvine, California, USA) was placed on the contralateral patella. Before sensor placement, the surface of the skin was prepared by shaving, removing superficial dead skin with adhesive tape, and sterilizing with an alcohol swab. To remove the dead layers of skin, hypoallergenic tape (3M, St. Paul, Minnesota) was applied to the site, then peeled back to remove contaminants (Delsys dEMG User Guide). This process was repeated multiple times.
Signal Processing
The EMG, position and torque signals were recorded simultaneously with a National 
Passive Stretching
The repeated passive stretching of the right plantar flexor muscles were performed on the isokinetic dynamometer in the same fashion as the PROM assessments. The dynamometer passively dorsiflexed the foot until the pre-determined torque threshold was met. The pre- passive stretching isometric muscle actions. Previous research has demonstrated that two minutes of VIB decreases maximal strength (Bongiovanni et al. 1990 ). In addition, pilot data confirmed that a 2-minute continuous vibration protocol was sufficient to decrease MVC force.
Therefore, 2-minutes of VIB would reduce MVC strength while the stretching induced force deficit remained intact. During the PS+CON trial (no VIB), the vibrator was strapped to the Achilles tendon but remained off. 
Statistical analysis
RESULTS
Mean ± SD values for the strength (PT, TT SINGLE , TT DOUBLET , and %VI) and PROM (PROM, PASSTQ, and MTS) data for the pre-and post-passive stretching trials are presented in tables 1 and 2, respectively.
Passive Range of Motion
There was no significant two-way interaction (time × treatment, P = 0.390) and no significant main effect for treatment (P = 0.353). However, there was a significant main effect for time (P = 0.006). PROM increased from pre-to post-passive stretching (mean ± SD, 9.9 ± 13.0%) collapsed across PS+CON and PS+VIB.
Passive Torque
There was no significant two-way interaction (time × treatment, P = 0.980) and no significant main effect for treatment (P = 0.304). There was, however, a significant main effect for time (P = 0.002). PASSTQ decreased at the DF angle from pre-to post-passive stretching (-13.5 ± 8.0%) collapsed across PS+CON and PS+VIB.
Musculotendinous stiffness
There was no significant two-way interaction (time × treatment, P = 0.295) and no significant main effect for treatment (P = 0.429). There was a significant main effect for time (P = 0.033). MTS decreased at the DF angle from pre-to post-passive stretching (-18.7 ± 16.1%) collapsed across the PS+CON and PS+VIB.
Peak Torque
There was no significant three-way interaction (time × treatment × angle, P = 0.468), no significant two-way interactions for treatment × angle (P = 0.899) and angle × time (P = 0.056), but there was a significant two-way interaction for time × treatment (P = 0.017). After D r a f t collapsing across angle, dependent-samples t-tests indicated a significant decrease in PT following PS+CON (P < 0.001, -8.6 ± 10.1%) and PS+VIB (P < 0.001, -19.1 ± 8.6%) ( Figure   2A ). Although no statistical difference was found between PS+CON and PS+VIB for the pre-(P = 0.660) and post-passive stretching (P = 0.132), the effect size of the difference between treatments post-passive stretching was large (Cohen's D = 1.14). In addition, there was a main effect for angle (P < 0.001). PT was greater at DF than PF collapsed across time and treatment.
Doublet Twitch Torque
There was no significant three-way interaction (time × treatment × angle, P = 0.112), no significant two-way interactions for treatment × angle (P = 0.225), angle × time (P = 0.630), treatment × time (P = 0.300), and no significant main effect for treatment (P = 0.432). However, there were significant main effects for angle (P < 0.001) and time (P = 0.001). TT DOUBLET was greater at DF than PF collapsed across treatment and time and decreased from pre-to postpassive stretching (-8.4 ± 8.2%) collapsed across treatment and angle ( Figure 2B ).
Single Twitch Torque
There was no significant three-way interaction (time × treatment × angle, P = 0.431), no significant two-way interactions for treatment × angle (P = 0.070), angle × time (P = 0.422), treatment × time (P = 0.217), and no significant main effect for treatment (P = 0.144). However, there were significant main effects for angle (P < 0.001) and time (P < 0.001). TT SINGLE was greater at DF than PF collapsed across treatment and time and decreased (-10.4 ± 7.4%) from pre-to post-passive stretching collapsed across treatment and angle ( Figure 2C ).
Percent Voluntary Inactivation
There was no significant three-way interaction (time × treatment × angle, P = 0.238), no significant two-way interactions for treatment × angle (P = 0.775), angle × time (P = 0.447), and D r a f t 16 treatment × time (P = 0.114), and no significant main effect for treatment (P = 0.683). However, there were significant main effects for angle (P = 0.008) and time (P = 0.002). %VI increased (10.3 ± 10.1%) from pre-to post-passive stretching collapsed across angle and treatment ( Figure   2D ). %VI was greater at DF than PF collapsed across treatment and time (Table 1) . Despite no significant differences, there was a medium effect size (Cohen's D = 0.535) between PS+CON (6.9 ± 9.7% VI) and PS+VIB (13.7 ± 14.8% VI) treatments for post-passive stretching measurements of %VI.
D r a f t
17
DISCUSSION
As expected, decreases in MTS and PASSTQ with concurrent increases in PROM occurred following the PS+CON and PS+VIB treatments. In addition, PT decreased from pre-to post-passive stretching for PS+CON (-8.6%) and PS+VIB (-19.1%) (Figure 2A ). Although the decrease in PT was not significantly different between treatments, the effect size of 1.14 (Cohen's D) suggested that there was a difference in post-passive stretching between PS+VIB and PS+CON treatments. This greater decrease in PT for the PS+VIB treatment was accompanied with a greater increase in %VI (PS+VIB = 13.7% VI) in comparison to PS+CON treatment (6.9% VI), which had a moderate effect size of 0.535. Thus, suggesting that PS+VIB may have diminished muscle spindle function more so than PS+CON which resulted in a greater decrease in PT. In addition, the treatments caused similar changes in these parameters at both muscle lengths. No rightward shift in the length-tension relationship as a result of passive stretching provided tentative evidence that the stretching-induced force deficit was primarily neural despite decreases in MTS and PASSTQ at the tested muscle lengths.
In the present study, moderate duration passive stretching reduced PT (-8.6%) despite 2 minutes of rest prior to the post-passive stretching MVCs. Ryan et al. (2008) examined the doseresponse relationship of the stretching-induced force deficit of the plantar flexors and reported just over a 4% decrease in PT following 4 minutes of passive stretching with PT remaining slightly under 4% lower than baseline following 10 minutes of rest. Thus, there was a minimal difference in PT between immediately after and 10 minutes post-passive stretching. It should be of note, that the percent difference in Ryan et al. (2008) was not significantly different from the control and baseline at 10 minutes. In the present study, the greater decrease in PT following passive stretching in comparison to Ryan et al. (2008) may be the result of the muscle lengths D r a f t tested. Nonetheless, there was likely only a minimal change in the stretching-induced force deficit from immediately following to post-passive stretching tests. In addition, continuous VIB lasting 10-30 seconds has been reported to diminish muscle spindle function with Bongiovanni et al. (1990) demonstrating that the VIB-induced force deficit was present following 2 minutes of VIB. Therefore, the stretching-induced deficit likely remained intact during the 2 minutes of continuous VIB that was intended to completely diminish muscle spindle function.
It is hypothesized that the primary contributors to the stretching-induced force deficit following prolonged passive stretching are neural mechanisms (Avela et al. 1999; Behm et al. 2001; Ryan et al. 2014) . Specifically, it is believed that muscle spindle activation is reduced with a subsequent reduction in Ia afferent activity to the central nervous system following prolonged PS, which results in decreased muscle activation. VIB of > 30 seconds has been directly shown to diminish muscle spindle activity and subsequent Ia afferent feedback to the central nervous system (de Ruiter et al. 2003; Kouzaki et al. 2000; Pope and DeFreitas 2015; Ushiyama et al. 2005) . In theory, the addition of VIB to the post-passive stretching measurements would not further impair force or muscle activation if the primary mechanism of the stretching-induced force deficit was muscle spindle mediated. However, there was a greater decrease in force for the PS+VIB than the PS+CON treatment as indicated by the effect size. There was also a greater increase in %VI from pre-to post-passive stretching for the PS+VIB treatment. Thus, it is plausible that the addition of VIB caused further inhibition of the muscle spindles, resulting in greater muscle inactivation and further decreased PT.
MTS and PASSTQ data indicated that mechanical changes were observed in the MTU as a result of PS. Thus, mechanical mechanisms cannot be completely discounted as a contributor to the stretching-induced force deficit. In the present study TT DOUBLET (-8.4% ) and TT SINGLE (-D r a f t 10.4%) decreased from pre-to post-passive stretching when collapsed across angle and treatment (figure 2B,C). Although not statistically tested, the percent decrease in TT DOUBLET was less than the decrease in TT SINGLE , which suggested the decrease in twitch force due to mechanical changes in the MTU can be partially overcome by a doublet stimulus. Furthermore, Behm et al. (2001) reported that twitch force decreased after 20 minutes of passive stretching but the decrease was not present during a 300 ms tetanic stimulation at 100 hz, which indicated that the continued firing of motor units was sufficient to overcome the increased muscle compliance caused by stretching. Therefore, the loss of force due to mechanical alterations (i.e., decreased MTS) is likely not the primary mechanism of the decreased maximal isometric strength following PS.
Previously, it has been reported that the stretching-induced force deficit is muscle length dependent (Balle et al. 2015; Herda et al. 2008; McHugh and Johnson 2006) . For example, McHugh and Johnson (2006) , Herda et al. (2008) , and Balle et al. (2015) reported significant decreases in PT at shorter muscle lengths with no change in strength at the longer muscles lengths during leg flexion, while Nelson et al. (2001a) reported similar findings for the leg extensors. Therefore, it was hypothesized that passive stretching causes acute alterations in the length-tension relationship, such as, a rightward shift in the relationship. However, this was unfounded as force was reduced at both muscle lengths in a similar manner. The difference in the findings is likely related to the muscle tested and the stretching protocol implemented.
Studies that reported no reduction in strength at the longer muscle lengths following stretching were performed on the leg flexors or extensors, whereas, the plantar flexors were tested in the present study. In addition, these previous studies did not incorporate a constant-torque stretching protocol that results in muscle creep as in the present study, but rather used unassisted and D r a f t 20 assisted partner stretches. Nonetheless, the stretching-induced force deficit was found to occur at a shorter and longer muscle length in the plantar flexors, which contradicts the findings from experiments performed on the leg flexors and extensors using unassisted and assisted partner stretches. In addition, similar decreases in strength at the short and long muscle lengths, rather than a rightward shift in the length-tension relationship, may provide further evidence that the stretching-induced force deficit as a result of a moderate dosage of passive stretching of the plantar flexors is primarily neural.
Limitation to our interpretation is that there was no vibration only trial, which does not allow for a direct interpretation of the effects of the 2-minute vibration protocol. However, decreases in strength as a result of short duration continuous vibration (2-minutes) applied during strength testing has been previously reported in Bongiovanni et al. (1990) . Furthermore, pilot testing from our laboratory indicated that 2-minutes of vibration would reduce strength when applied during the MVCs. In addition, the ANOVA models indicated that there were no significant differences between the PS+CON and PS+VIB trials for decreases in strength and muscle activation, however, large and medium effect sizes for these differences were found (Cohen's D = 1.14 and 0.535). Still, caution is warranted when interpreting the results that vibration further reduced strength and muscle activation. Future studies should confirm the effects of a relatively short, 2-minute continuous vibration protocol on strength and muscle activation.
Effect sizes suggested that there were large and moderate differences, although not statistically significant, in post-passive stretching PT and %VI between PS+VIB and PS+CON treatments with greater changes occurring for the PS+VIB than PS+CON. PT decreased similarly at both long and short muscle lengths, which is contradictory to previous studies using 30.9 ± 11.6 34.6 ± 12.4* 32.5 ± 10.4 35.0 ± 12.8* MTS (Nm/º) 1.4 ± 0.9 1.1 ± 0.6* 1.422 ± 1.0 1.1 ± 0.7* PASSTQ (Nm)
13.1 ± 4.7 11.2 ± 3.8* 13.4 ± 4.8 11.5 ± 3.8* D r a f t 
